Abstract Arthropod-borne viruses (arboviruses) are of paramount concern as a group of pathogens at the forefront of emerging and re-emerging diseases. Although some arboviral infections are asymptomatic or present with a mild influenza-like illness, many are important human and veterinary pathogens causing serious illness ranging from rash and arthritis to encephalitis and hemorrhagic fever. Here, we discuss arboviruses from diverse families (Flaviviruses, Alphaviruses, and the Bunyaviridae) that are causative agents of encephalitis in humans. An understanding of the natural history of these infections as well as shared mechanisms of neuroinvasion and neurovirulence is critical to control the spread of these viruses and for the development of effective vaccines and treatment modalities.
by hematophagous (blood feeding) arthropod vectors such as mosquitoes, biting midges, phlebotomine flies, and ticks. Arboviruses are found in diverse viral families, including Togaviridae (genus Alphavirus); Bunyaviridae (genera Nairovirus, Orthobunyavirus, Phlebovirus, and Tospovirus); Flaviviridae (genus Flavivirus); Rhabdoviridae (genus Vesiculovirus); Orthomyxoviridae (genus Thogotovirus); Reoviridae (genus Orbivirus); and Asfarviridae (genus Asfarvirus) (Weaver and Reisen 2010) . Many arboviral infections in humans are asymptomatic or present with a mild influenzalike illness. However, several arboviruses have become increasingly important human and veterinary pathogens, causing respiratory illness, arthritis, febrile illness, encephalitis, hemorrhagic syndrome, shock, and death. In this review, we describe the natural history of arboviral infections and focus on arboviruses that cause neurologic disease in humans, specifically members of the genera Flavivirus and Alphavirus and the family Bunyaviridae.
Most arboviruses are spread through sylvatic transmission cycles between the invertebrate vector(s) and an enzootic vertebrate reservoir-typically rodents, birds, and non-human primates (Fig. 1 ). In the amplifying vertebrate host, arboviruses must achieve a high viremia that is sufficient for a permissive arthropod to become infected during a blood meal. In this enzootic cycle, transmission to dead-end hosts (humans or domestic animals) may occur. Viremia is low or transient in the dead-end host, and there is little chance of passing enough virus to establish an infection in an arthropod vector. However, some arboviruses (e.g., Venezuelan equine encephalitis virus [VEEV] and Japanese encephalitis virus [JEV] ) have expanded their range by establishing epizootic amplification cycles in domestic animals such as horses and pigs (Brault et al. 2002 , Weaver et al. 1999 , van den Hurk et al. 2009 ). In most cases, humans serve as dead-end hosts and do not play a major role in maintaining the arbovirus lifecycle ( Fig. 1) . However, an urban epidemic cycle in which humans have become the primary amplifying host has been described for dengue virus (DENV), yellow fever virus, and chikungunya virus (CHIKV; Weaver and Barrett 2004; Barrett and Higgs 2007; Nimmannitya et al. 1969; Padbidri and Gnaneswar 1979) .
In addition to vector/host dynamics, climate, geography, and immune status of host populations play a significant role in the arbovirus lifecycle. Two climate-dependent transmission patterns for arboviruses have been described. In tropical areas, virus circulates throughout most of the year, often with a broad seasonal peak. In more temperate climates, however, virus is transmitted between the vector and vertebrate host species only during the warmer months and arboviral disease is absent in the colder months. For arboviruses in these cooler climates, the virus often persists by overwintering in mosquito eggs (Fig. 1; Gubler 2002) .
Arboviruses are distributed worldwide, representing nearly 30% of all emerging infectious diseases in the last decade (Jones et al. 2008) . While the variables contributing to the epidemiology of each virus are unique, some common socio-economic, environmental, and ecological factors contribute to the emergence of arboviral diseases (Morens et al. 2004) . Human behavior has played a significant role in the emergence and re-emergence of arboviral diseases. Modern travel and trade has greatly facilitated the spread of arboviruses and highly efficient, anthropophilic mosquitoes, including Aedes aegypti and Aedes albopictus, and mosquitoes in the Culex pipiens complex (Benedict et al. 2007 , Fonseca et al. 2004 ). In addition, environmental factors, including agricultural development, urban expansion, and population growth have increased human contact with arboviruses and their vectors. Unplanned urbanization accompanied by crowded, substandard living conditions with inadequate water and waste management provides ideal breeding sites for mosquitoes. Finally, climate change is thought to play a significant role in the emergence and re-emergence of arboviral diseases (Elliott 2009 Patrican and DeFoliart 1987; Watts et al. 1974; Young et al. 2008) . Infected male mosquitoes can infect naïve female mosquitoes by venereal transmission. Upon taking a blood meal, infected mosquitoes may transmit virus to amplifying vertebrate hosts. These amplifying hosts develop brief, but high viremias that may lead to subsequent infection of other hematophagous mosquitoes from either the same or different mosquito species. In the enzootic cycle, arboviruses use sylvatic (red and green) transmission (e.g., LACV, small rodents and WNV and St. Louis encephalitis virus (SLEV), birds). In most cases, humans serve as dead-end hosts and do not play a major role in maintaining the arbovirus lifecycle. However, some arbovirus (e.g., VEEV, horses and JEV, pigs) have established epizootic amplification cycles in domestic animals (gray). Of increasing concern, some arboviruses (e.g., DENV) can rely on human amplification (blue) in an urban setting dynamics (Weaver and Reisen 2010) . Notably, cycles of increased precipitation, including those experienced during the warm phase of the El Niño/Southern Oscillation (ENSO) phenomenon, have been associated with arbovirus outbreaks and an increased abundance and prolonged hostseeking activity of mosquito vectors (Linthicum et al. 1999; Heft and Walton 2008) .
Flaviviruses
The genus Flavivirus contains some of the most wellstudied agents of arboviral encephalitides. The history and international prominence of this group of viruses have made it a paradigm for the emergence potential of arboviruses. The type species of the genus Flavivirus, yellow fever virus (flavus means yellow in Latin), spread into the Americas from West Africa through the slave trade beginning in the sixteenth century and serves as one of the earliest documented examples of an arboviral disease's spread to a new continent by human travel (Gould et al. 2003) . More recently, the re-emergence of DENV and emergence of neurotropic flaviviruses, such as West Nile virus (WNV) and JEV, have underscored the potential for this group of viruses to cause widespread human disease (Morens et al. 2004) .
The flaviviruses are spherical, enveloped viruses with a positive-strand, nonsegmented RNA genome that produces ten mature viral proteins via proteolytic processing of a single polyprotein. These mature viral proteins include three structural proteins (capsid [C], envelope [E] , and premembrane/membrane [prM/M]) and seven nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5; Stadler et al. 1997; Yu et al. 2008) . During the maturation process, prM is transported through the cellular secretory pathway where cellular furin cleaves prM resulting in the release of the pr peptide from the M protein and, consequently, the formation of mature virions. Flaviviruses enter the cell via receptormediated endocytosis, and fusion of the viral membrane with the endosomal vesicle membrane occurs after exposure to low pH in the endosome following internalization through a class II fusion mechanism shared with both the Alphaviruses and the Bunyaviridae (Kielian 2006; Plassmeyer et al. 2007) .
A majority of the 75+ identified viruses contained in the genus Flavivirus are arboviruses; approximately 40 are mosquito-borne, while 16 are tick-borne, and 18 have no known vector (Heinz et al. 2000) . Of interest, genomic sequence analysis and base substitution rates have demonstrated that the mosquito-borne, tick-borne, and the majority of the flaviviruses without a known vector can be separated in to three distinct evolutionary lineages that diverged early in the evolution of the genus (Billoir et al. 2000) . Additionally, all flaviviruses can be grouped serologically. Here, we will focus mainly on the Japanese encephalitis (JE) serogroup whose members are major etiologic agents of arboviral encephalitides nearly worldwide (Porterfield 1975 ).
Japanese encephalitis virus
JEV is the leading cause of viral encephalitis in Asia with an estimated 35,000 to 50,000 cases and 15,000 deaths reported annually (Tsai 2000) (Misra and Kalita 2010) . Case-fatality rates range from 0.3% to 60%, depending on age and the population. JE is primarily a disease of children in endemic areas, but it affects both adults and children in newly affected areas because of the lack of protective immunity (Misra and Kalita 2010) . JEV is a member of the JE serogroup and is antigenically related to WNV, St. Louis encephalitis virus, Kunjin virus, Usutu virus, and Murray Valley encephalitis virus (Broom et al. 2002; Day 2001; Kramer et al. 2007) . Minor members of the JE serogroup include the Koutango and Yaounde viruses in Africa and Cacipacore virus in South America. Most of the JE serogroup viruses have an avian amplifying host and are transmitted by Culex mosquitoes. The prototype Nakayama strain of JEV was first isolated from a fatal case of encephalitis in Tokyo, Japan in 1935. However, encephalitis epidemics in humans and horses, ostensibly resulting from JEV infection, have been reported in Japan since the 1870s (Solomon et al. 2000) . In the twentieth century, the virus spread across Asia and can now be found in most of China, Southeast Asia, the Asian subcontinent, and the Pacific Rim, reaching northern Australia in 1998 (van den Hurk et al. 2009; Gao et al. 2010) .
JEV is maintained in an enzoonotic cycle between ardeid wading birds and Culex mosquitoes (Table 1 ; Sucharit et al. 1989) . Water birds are believed to both serve as maintenance hosts and contribute to the spread of JEV to new geographical regions (Solomon et al. 2000) . Culex tritaeniorrhynchus, the primary mosquito vector for JEV, breeds in rice paddy fields or pools of stagnant water (Innis 1995) and coincidental infection of humans living or traveling in close proximity to the enzootic cycle of JEV, usually in rural areas, may occur (Solomon et al. 2000; . However, pigs have become an important host for the maintenance, amplification, and spread of JEV because of the high frequency of a long-lasting viremia in infected pigs, the preference that C. tritaeniorrhynchus mosquitoes have shown for feeding on pigs, and the frequent replenishing of susceptible pigs in endemic areas each year owing to the commercial pork industry (Misra and Kalita 2010) . JEV antibodies have also been reported in horses, cattle, sheep dogs, and monkeys. These animals are generally asymptomatic; however, fatal encephalitis can occur in infected horses and (Yamanaka et al. 2006 ) and fatal encephalitis, abortion and stillbirth have been observed in pregnant sows infected with JEV .
In humans, the incubation period of JEV is 5-15 days, and the vast majority of infections are asymptomatic. Clinical disease from JEV infections varies from nonspecific febrile illness to meningoencephalitis, aseptic meningitis, acute flaccid paralysis, and severe encephalitis (Solomon et al. 1998; Solomon and Vaughn 2002) . Symptoms of non-specific febrile illness caused by JEV may include headache, cough, nausea, vomiting, or diarrhea. In the case of the more severe JE, patients develop a Parkinsonian syndrome with wide, unblinking eyes, tremor, and cogwheel rigidity (Solomon and Vaughn 2002) . Seizures are common in affected individuals, especially children. Upper motor neuron signs, cerebellar signs, and cranial nerve palsies are common in JE patients and cognitive and language impairments occur in approximately 30% of those affected (Mackenzie et al. 2004 ).
The mechanisms used by JEV to penetrate the blood brain barrier (BBB) are not fully understood. After an individual acquires JEV from an infected mosquito, peripheral amplification of the virus occurs primarily in the epidermis and lymph nodes. Primary infection typically leads to a rapid and strong IgM response in serum and cerebrospinal fluid within days of infection . Both the humoral and cellular immune responses are believed to protect the host by restricting viral replication during the viremic phase, before the virus crosses the BBB (Hammon and Sather 1973) . However, upon achieving a sufficient viremia, JEV is thought to enter the central nervous system (CNS) via the olfactory bulb or the choroid plexus (Liou and Hsu 1998) . Of interest, the JEV E protein, which plays a major role in virus fusion and entry, has been demonstrated to have a major role in determining neuroinvasiveness and neurovirulence of the virus in the murine model (Ni and Barrett 1996) . Once in the brain, JEV infection appears to be widespread. Necropsies have shown that the thalamus, basal ganglia, and midbrain are heavily affected, providing anatomical correlates to tremor and other Parkisonian-like syndromes (Miyake 1964; Johnson et al. 1985) . JEV is believed to cause neuronal injury through a proinflammatory cytokine and chemokine cascade that occurs upon activation of astrocytes and microglia. It has been demonstrated that various proinflammatory molecules including IL-1β, MCP-1 (CCL-2), IFN-α, TNF-α, RANTES (CCL-5), IL-6, and IL-8 are elevated in JE patients (Babu et al. 2006; Winter et al. 2004 ).
There are no specific antivirals for JE and treatment focuses on supportive care. However, a number of drugs including minocycline and curcumin are under investigation as potential therapeutics for JEV and other arboviral infections for both their antiviral and neuroprotective effects (Dutta et al. 2009; Mishra and Basu 2008; Richardson-Burns and Tyler 2005) . Fortunately, JEV is one of the few arboviruses for which a vaccine is available. Most vaccines for JEV are derived from infected mouse brain, and multiple doses are required to achieve efficacies of at least 80% (Rojanasuphot et al. 1989) . The widespread use of vaccination has greatly improved control of JEV in Japan, Korea, Taiwan, and Singapore. In March 2009, the Food and Drug Administration approved a new, inactivated cell-culture-derived JEV vaccine (IXIARO) for use in adult travelers over the age of 17 (Kurane and Takasaki 2000; Fischer et al. 2010; Duggan and Plosker 2009 ).
West Nile virus
First isolated in 1937 in the West Nile district of Uganda, WNV was not detected in the Western hemisphere until 1999 when an outbreak in New York City and surrounding areas resulted in 62 cases of WNV encephalitis and seven deaths Jia et al. 1999; Gubler 2007) . The introduction of WNV to North America was accompanied by avian mortalities, particularly among American crows and other corvids. Upon isolation and analysis of the virus responsible for the outbreak, a strain of WNV with a close genetic relationship to WNV isolates from Israel suggested that the virus was imported from the Middle East Linthicum et al. 1999) , possibly by travelers from Israel or migratory or exotic birds transported in an airplane (Davis et al. 2006 ). Subsequent to the introduction of WNV to New York City, the virus has expanded its range to include the 48 contiguous states and spread throughout Canada, Mexico, the Caribbean, and Colombia (Davis et al. 2006; Murray et al. 2010) . WNV is now the leading cause of arboviral encephalitis in the United States of America (Davis et al. 2006; Brinton 2002) .
Birds are the amplifying hosts for WNV and, although the virus infects over 300 species of birds, the American robin and American crow are the most common carriers of the virus in the Western hemisphere. Infection in wild birds is often asymptomatic, and vulnerability to lethal infection varies between species. Infected birds can develop a prolonged viremia, sometimes lasting more than 100 days, which allows for repeated cycles of mosquito infection (Komar 2003; Malkinson and Banet 2002; Reisen and Brault 2007) . WNV has been identified in over 50 mosquito species, but as with JEV, the main vectors for transmission of WNV are Culex mosquitoes (Table 1) . Although the virus is promiscuous in its vector usage, the main species involved in WNV transmission are C. pipiens, Culex restuans, Culex quinnquefasciatus, and Culex tarsalis (Davis et al. 2006; Smithburn et al. 1940) . Currently, it is unclear which mosquito species primarily transmit WNV to humans. Alternative routes of transmission to humans have been described including transfusion of blood products, organ transplantation from an infected donor, and motherto-child transmission either across the placenta or through breast-feeding (Harrington et al. 2003; Iwamoto et al. 2003; Davis et al. 2006) . Serological data show that numerous mammalian species can become infected with WNV. However, with the exception of horses who are also susceptible to WNV meningoencephalitis, these nonavian, dead-end hosts do not significantly contribute to the maintenance of the virus (Marfin and Gubler 2001; McLean et al. 2002; Trevejo and Eidson 2008) .
Although most human WNV infections are asymptomatic, West Nile fever occurs in approximately 20-30% of infections. West Nile fever consists of a flu-like illness that develops after incubation for 3-14 days and is characterized by fever, headache, back pain, fatigue, anthralgia, and myalgia persisting for 3 days to several weeks (Hayes et al. 2005) . Retro-orbital pain, anorexia, nausea, vomiting, diarrhea, and pharyngitis can also occur (Petersen and Marfin 2002) . Additionally, a maculopapular rash occurs in about half of West Nile fever cases, especially in children. Severe infections have even led to myocarditis, pancreatitis, and hepatitis (Solomon and Vaughn 2002) . Neuroinvasion of WNV results in meningitis or encephalitis in approximately 0.7% of infections and may result in tremor or parkinsonian features (Petersen and Marfin 2002) (Sejvar et al. 2003) . Approximately 60% of patients with neuroinvasive WNV disease have encephalitis and 40% have meningitis (Gyure 2009 ). The mortality rate is about 10% among patients with neuroinvasive disease, with increased age being the most important risk factor for the development of neuroinvasion and death. Muscle weakness occurs in approximately half of patients with WNV encephalitis, a marked increase in comparison to other arboviral encephalitides. Additionally, WNV infection may cause an acute flaccid paralysis syndrome, seizures, or cerebellar ataxia (Petersen and Marfin 2002; Solomon and Vaughn 2002) . Survivors of WNV encephalitis often suffer long-term cognitive and neurological impairments including muscle weakness, insomnia, depression, confusion, headache, and myalgia (Petersen and Marfin 2002) . In general, better outcomes are observed in younger patients.
Again, the mechanisms leading to neuroinvasion of WNV are not completely understood. After virus inoculation by mosquitoes, the virus replicates in Langerhans and dendritic cells. Infected Langerhans cells migrate to draining lymph nodes, allowing the virus to enter the bloodstream (primary 
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Culex tarsalis North America (Zacks and Paessler 2010) viremia). Dissemination of virus to the reticuloendothelial system further augments viremia (secondary viremia; Gyure 2009). It is believed that invasion of the nervous system may occur after direct infection of endothelial cells in the cerebral microvasculature or after viremic dissemination to the olfactory bulb and direct axonal retrograde transport from infected peripheral neurons (Samuel and Diamond 2006) . Innate (complement and interferon), humoral, and cellmediated immunity limit WNV dissemination and facilitate viral clearance (Klein and Diamond 2008) . However, it has been suggested that, in addition to their protective role, CD8+ T cells contribute to the neuropathogenesis of WNV infection by secreting proinflammatory cytokines and lysing virusinfected neurons (Sitati and Diamond 2006) . Host genetics play a role in disease susceptibility and individuals homozygous for a defective form of the chemokine receptor CCR5 (CCR5Δ32) are at an increased risk of neuroinvasive WNV disease (Glass et al. 2006) . Moreover, several virus encoded proteins are directly involved in WNV-mediated CNS disease including the NS3, which induces apoptosis through the extrinsic, death receptor-linked caspase-8 pathway, and the NS1, NS2A, and NS4B proteins which function as interferon antagonists (Diamond 2009 ). Notably, as we will discuss below, pro-apoptotic, host-protein synthesis inhibitory, and type I interferon blocking properties have been attributed to several non-structural proteins of arboviruses from different families suggesting that the ability of these viruses to induce death and subvert the innate immune system is critical for their maintenance in nature and may hold the key to uncovering shared mechanisms of neuropathogenesis (Blakqori et al. 2007; Billecocq et al. 2004; Yin et al. 2009 ). Moreover, the characterization of common mechanisms that these viruses use to induce apoptosis and counter the innate immune system may lead to the development of broadly applicable treatment modalities for arboviral encephalitides. There are currently no human vaccines or antiviral therapeutics with proven efficacy for WNV, although equine WNV vaccines are currently in use (Reisen and Brault 2007) . Several potential treatment modalities including ribavirin (used in Hepatitis C, another member of the Flaviviridae, in combination with pegylated interferon drugs), interferon-〈2b, immunoglobulin with high titer against West Nile virus (Omr-IgG-aM), and humanized monoclonal antibodies (e.g., Mab E16) are candidate therapeutic agents based on animal models and limited clinical experience (Thompson et al. 2009; Gyure 2009; Levi et al. 2010 ).
Bunyaviridae
The Bunyaviridae are the largest viral family with over 350 viral species encompassed by five genera (Orthobunyavirus, Hantavirus, Nairovirus, Phlebovirus, and Tospovirus ; Calisher 1986; Nichol et al. 2005 ). The terminal 10-15 nucleotides of each RNA genome segment, which are highly conserved and partially complementary, play a major role in delineating these genera along with antigenic, serological, molecular, and structural differences (Calisher 1986) . The bunyavirus genome is composed of three negative-sense, single-stranded RNA segments. The genome segments, designated by size as large (L), medium (M), and small (S), are encapsidated by nucleocapsid (N) protein to form helical ribonucleoprotein complexes. The L segment encodes the viral polymerase that is responsible for both the transcription and replication of the viral genome. A polyprotein is encoded in a single open reading frame (ORF) by the M segment and is cotranslationally processed into the viral glycoproteins, Gc (G1) and Gn (G2), and in the case of the orthobunyaviruses and some phleboviruses, a non-structural protein (NSm) of unknown function. The S segment encodes the N protein. For the orthobunyaviruses, phleboviruses, and tospoviruses, the S segment also encodes another non-structural protein (NSs) through an ORF (orthobunyaviruses) or an ambisense coding mechanism (phleboviruses and tospoviruses; Schmaljohn and Hooper 2001) .
Bunyaviruses are disseminated worldwide and infect a broad range of invertebrate and vertebrate hosts. With the exception of the hantaviruses (Plyusnin and Morzunov 2001) , all of the viruses in the family Bunyaviridae are vector-borne and utilize hematophagous arthropod vectors including mosquitoes, phlebotomine flies, and ticks. Many bunyaviruses are significant pathogens in humans and animals with the exception of the tospoviruses, which are plant pathogens. Human illnesses resulting from bunyavirus infection range from mild, asymptomatic infection to more severe disease including pulmonary disease, hemorrhagic fever, and fatal encephalitis (Soldan and Gonzalez-Scarano 2005; Dionisio et al. 2003) . For example, Crimean-Congo hemorrhagic fever virus (CCHFV; Nairovirus) is the second most widespread of all medically important arboviruses after DENV and is endemic in much of Africa, Asia, and Europe (Ergonul 2006; Hoogstraal 1979) . Notably, mortality rates of up to 30% in humans have been reported for CCHFV (Ergonul 2006) . In addition, La Crosse virus (LACV; Orthobunyavirus) and Rift Valley fever virus (RVFV; Phlebovirus) are important causes of arboviral encephalitides and will be discussed at length in this review.
Currently, there are no effective therapeutics or vaccines for bunyaviruses with the exception of vaccines for veterinary use developed to protect against RVFV infection. Unfortunately, the RVFV vaccines have been relatively unsuccessful due to vaccine shortages, incomplete protection, and because of deleterious effects of vaccination (Caplen et al. 1985; Morrill et al. 1997b; Morrill et al. 1997a; Morrill and Peters 2003; Randall et al. 1964) . In this era of rapidly changing local and global environments (Nichol et al. 2000) , several factors including the promiscuous use of arthropod vectors and vertebrate hosts have made the Bunyaviridae prominent among emerging and re-emerging infectious agents and have exacerbated the need for effective therapeutics and vaccines.
La Crosse virus
LACV was first isolated from the brain of a fatal case of encephalitis in a young girl who died in La Crosse, Wisconsin, after becoming infected in Minnesota (Thompson et al. 1965) . LACV is recognized as a major cause of pediatric arboviral encephalitis in the Midwestern United States of America, where its primary mosquito vector, Ochleratus (formerly Aedes) triseriatus is native. Recently, LACV has spread south into Tennessee, North Carolina, and West Virginia due to invasive mosquito species including the aggressive, dayfeeding Asian tiger mosquito, A. albopictus (Gerhardt et al. 2001; Elliott 2009 ). The expanding distribution of LACV into North Carolina and Tennessee, along with the ability of LACV to use A. albopictus as a secondary vector, could result in an increase in both the incidence and distribution of LACV throughout the southeastern United States of America (Gerhardt et al. 2001 ) ).
The amplification and maintenance of LACV predominantly involves O. triseriatus (Table 1) as the principal arthropod vector with chipmunks and squirrels serving as the primary vertebrate hosts. In endemic areas of LACV, a large proportion of squirrels (30%) and chipmunks (60%) are LACV seropositive (Gauld et al. 1974; Soldan and Gonzalez-Scarano 2005) . Infection of chipmunks and squirrels results from an infected mosquito taking a blood meal and entry of LACV into the vertebrate host from the mosquito's saliva. Subsequent to infection, the rodent develops a high viremia capable of infecting naïve bloodfeeding mosquitoes. However, the rodent hosts do not exhibit overt illness (Borucki et al. 2002) . Furthermore, LACV can be transovarially transmitted from an infected female mosquito to her progeny, and recent studies have suggested that female mosquitoes infected with LACV mate more efficiently than uninfected mosquitoes (Reese et al. 2009 ). Virus can be amplified substantially by this mechanism of transmission since each gonadotropic cycle leads to a multitude of infected progeny (Borucki et al. 2002 , Watts et al. 1973 ). Importantly, LACV is able to overwinter through this transovarial transmission (Watts et al. 1974; Thompson and Beaty 1977) .
Most human LACV infections occur from July through September in children under the age of 15 (McJunkin et al. 2001) . The incidence of LACV encephalitis in endemic areas is approximately 20 to 30 cases per 100,000 children younger than 15 years of age (McJunkin et al. 2001 ).
Reports of LACV encephalitis in the United States of
America have historically ranged from 42 to 174 cases per year, which is likely an underreporting due to clinical similarities with herpes simplex virus encephalitis (Borucki et al. 2002; McJunkin et al. 2001) . A recent review of LACV infections in the eastern United States of America (Arkansas, Delaware, Florida, Maryland, Missouri, New Jersey, and Pennsylvania) from [2003] [2004] [2005] [2006] [2007] reported that there were a total of 282 confirmed LACV infections during the study period . Clinically, these infections presented as uncomplicated fever (5.0%), meningitis (17.2%), meningioencephalitis (56.3%), or encephalitis (20.7%). Further, this study confirmed that the incidence risk and case fatality rates of LACV infection may be higher than previously reported with a county level incidence risk ranging from 0.2 to 228.7 per 100,000 ). Human illness resulting from LACV infection is typically a nonspecific febrile illness; however, in a small proportion of children, acute encephalitis follows. Symptoms associated with LACV encephalitis include headache, fever, vomiting, stiff neck, and, rarely, coma (McJunkin et al. 2001; Gonzalez-Scarano et al. 1996; Kalfayan 1983) . Approximately half of the cases of LACV encephalitis have seizures during the acute illness with about 10% developing epilepsy. About 2% of LACV encephalitis cases develop persistent paresis, learning disabilities, or cognitive defects, as well as, neurobehavioral sequelae such as attention deficits and hyperactivity (McJunkin et al. 2001 , Gunderson and Brown 1983 , Rust et al. 1999 ). However, LACV encephalitis rarely results in death with a case-fatality rate of about 0.3% (McJunkin et al. 2001 , Rust et al. 1999 .
Many features of the human disease of LACV encephalitis are recapitulated in an established mouse model of LACV encephalitis. As with humans, the susceptibility of mice to LACV is age-dependent where younger hosts are significantly more susceptible to CNS infection (Janssen et al. 1984; Janssen et al. 1986; Gonzalez-Scarano et al. 1985) . This model enables the study of the neuropathogenesis and progression of LACV from the periphery into the CNS following subcutaneous viral inoculation. In this model, newborn mice are sensitive to subcutaneous inoculation of as little as one plaque-forming unit (PFU) of LACV, whereas adult mice are resistant to much higher doses administered by the same route. However, intracranial inoculation of LACV is fatal to mice regardless of age. This demonstrates that LACV is neurovirulent even when not neuroinvasive. Following peripheral inoculation of LACV into suckling mice, the virus replicates predominantly in the striated muscle. This replication leads to a high viremia, which allows the virus to cross the BBB and is a critical determinant in the neuroinvasion of LACV. Studies using the murine model identified that the neuroinvasiveness of LACV is determined by its ability to generate a high viremia, and this viremia correlates with virus replication in striated muscle (Janssen et al. 1984) . Even after intracranial inoculation, there are age-related differences in viral antigen in the brain. Here, suckling mouse brains demonstrate disseminated viral antigen, while in adult mice viral antigen is more restricted to specific neuroanatomical regions, specifically the pyramidal cell layer of the hippocampus, rostral midbrain, and hypothalamus (Janssen et al. 1984 ).
The murine model for LACV is particularly informative because it allows for the distinction between neuroinvasion and neurovirulence of LACV by peripheral or intracranial virus inoculation, respectively. Further studies in the murine model of LACV encephalitis using a monoclonal antibody LACV escape variant (V22), which had decreased fusion and a lower pH threshold to mediate fusion, demonstrated that LACV V22 had decreased replication in peripheral tissues (e.g., striated muscle) critical for the generation of a high viremia following peripheral inoculation (GonzalezScarano et al. 1985) . However, LACV V22 still replicated almost as robustly as wild-type LACV and remained neurovirulent in mouse brains after intracranial inoculation. LACV V22 showed similar antigen distribution in the brain as well as similar, though less severe, neuropathological changes (Gonzalez-Scarano et al. 1985; Griot et al. 1993) . Most recently, recombinant LACV with mutations in the fusion peptide domain demonstrated decreased replication in differentiated muscle cells (murine cell line G8) and primary rat neuronal cultures as well as decreased fusion phenotypes in vitro. These viruses, however, retained their ability to cause neuronal loss in primary rat neuronal cultures (Soldan et al. 2010 ). These studies suggest that attenuation of LACV neuroinvasiveness does not necessarily correlate with decreased neurovirulence. Similarly, a mutation in the fusion loop (L107F), but not the receptorbinding domain III (A316V) or a stem-helix (K440R), of the WNV fusion peptide attenuated neuroinvasiveness of WNV when inoculated peripherally. Nevertheless, none of the mutant viruses had a significant attenuation in neurovirulence following intracerebral inoculation (Zhang et al. 2006) . While the role of virus fusion in neuroinvasion and neurovirulence has not been fully elucidated, these studies provide evidence for fusion as a critical determinant of a neuroinvasive phenotype from members of two different viral families (Flaviviridae and Bunyaviridae). The structural similarities between the fusion peptide regions of disparate arboviruses and the sensitivity of these highly conserved regions to single amino acid mutations may suggest that the ability of arboviruses to invade the CNS is subject to high selective pressure exerted on viral fusion peptides. This possible connection between virus fusion and neuroinvasion could potentially be exploited to identify novel targets to prevent CNS invasion for a broad range of arboviral encephalitides.
The specific pathways used by LACV to mediate neurotoxicity are not well described. However, it has been demonstrated that LACV infection induces neuronal apoptosis in the brains of infected mice (Pekosz et al. 1996) . Further, the presence of apoptotic cells in LACV-infected mouse brains correlated with neuronal dropout, suggesting that LACV-induced apoptosis may play an important role in the pathogenesis of LACV encephalitis. In a more recent study, the Orthobunyavirus nonstructural protein, NSs, was demonstrated to induce apoptosis as a general inhibitor of translation that induces cytochrome c release from mitochondria and results in the activation of caspases (ColonRamos et al. 2003) . Moreover, neuronal apoptosis is a hallmark of viral encephalitides caused by HIV, Herpes Simplex Virus-1, WNV, Toscana virus, and reoviruses (Shrestha et al. 2003; Richardson-Burns et al. 2002) . Therefore, determining the pathways and mechanisms of virus-induced neuronal apoptosis will be of critical importance in understanding viral pathogenesis of LACV infection and developing effective therapeutics for LACV encephalitis. Currently, there is no standard therapy for LACV encephalitis. However, ribavirin has been shown to inhibit LACV infection, probably by targeting the RNAdependent RNA polymerase, and it has been suggested that oral ribavirin may be useful in limiting the severity and improving the prognosis of children infected with LACV (Cassidy and Patterson 1989; McJunkin et al. 1997) . To date, ribavirin has only been used off-label, and a pilot trial using the intravenous form of ribavirin is underway (McJunkin et al. 1997; Haddow 2009 ).
Rift valley fever virus RVFV was first described in Kenya by Daubney and Hudson (1931) during an outbreak of enzootic hepatitis in a herd of ewes (Daubney and Hudson 1931) . This Phlebovirus is a significant emerging pathogen responsible for recurrent epizootics and epidemics in Africa that have resulted in substantial economic losses owing to human illness and loss of livestock (Bird et al. 2009, Balkhy and Memish 2003) . RVFV was restricted to sub-Saharan Africa until 1977, where it was responsible for a massive epidemic/epizootic in the Nile River and in the delta region of Egypt (Meegan 1979a, b; Meegan et al. 1979 ). This RVFV outbreak was the largest on record with an estimated 200,000 human infections and at least 594 deaths (Meegan et al. 1979) . Since this outbreak, RVFV infection has occurred sporadically in Egypt (Abd el- Rahim et al. 1999 , Arthur et al. 1993 .
In the year 2000, RVFV was reported outside of Africa for the first time. In Yemen and Saudi Arabia, a RVFV outbreak resulted in approximately 2,000 human infections and almost 250 deaths along with substantial loss of livestock (CDC 2000) . Outbreaks of RVFV have continued to occur in Africa. As recently as 2010, there was a RVFV outbreak in South Africa with at least 63 human cases reported including two deaths (WHO 2010b). RVFV is transmitted by numerous mosquito species (Aedes, Anopheles, Culex, Eretmapodites, Mansonia, and Coquillettidia) and can be transmitted by other vectors including sandflies (Fontenille et al. 1998; Moutailler et al. 2008) . Human infections typically result from either bites from infected mosquitoes or close contact with sick animals (Wilson et al. 1994; Morrill and McClain 1996) .
RVFV has two distinct but overlapping transmission cycles: a low-level enzootic cycle and an epizootic/ epidemic cycle (Bird et al. 2009 ). The transition from a low-level enzootic cycle to the epizootic/epidemic cycle is dependent on large-scale weather events such as the warm ENSO that can result in heavy rainfall over Eastern and Southern Africa (Bird et al. 2009; Linthicum et al. 1987) . The low-level enzootic cycle predominates during nonexcessive rainfall where RVFV is likely maintained within the mosquito vector population by transovarial transmission and occasional amplification in wildlife (Bird et al. 2009 ). The transition to the epizootic/epidemic cycle occurs during periods of extended rainfall that results in increased mosquito activity (Bird et al. 2009 ).
RVFV can cause severe disease in livestock and outbreaks of RVFV can be identified by the sudden development of abortion "storms" in livestock following heavy rainfall (Swanepoel and JAW 2004) . Susceptible livestock include sheep, cattle, Asian water buffalo, camels, and goats. After an incubation period of 2-4 days, disease in livestock due to RVFV is characterized by acute onset of inappetence, nasal discharge, and diarrhea as well as fever, hepatitis, and frequent abortion (Bird et al. 2009, Balkhy and Memish 2003) . These animals are highly viremic (1× 10 6 to 1×10 8 PFU/mL; Bird et al. 2009 ). Sheep are the most susceptible of livestock. In lambs, the mortality rates can reach above 90%, while adult sheep mortality rates are approximately 10% to 30% (Bird et al. 2009; Daubney and Hudson 1931) .
RVFV infection of humans occurs most often in individuals in contact with livestock, and human transmission is thought to occur by mosquito vectors, aerosols of blood, or other direct contact with infected animals (AbuElyazeed et al. 1996) . Human infection with RVFV is associated with a broad range of diseases, from asymptomatic infection to more severe disease including retinitis, hepatitis, renal failure, necrotic encephalitis, severe hemorrhagic fever, and death (Bird et al. 2009; Madani et al. 2003) . Symptoms associated with RVFV encephalitis include disorientation, drowsiness, severe headache, stiff neck, paraparesis or hemiparesis, convulsions, and coma (Madani et al. 2003; Soldan and Gonzalez-Scarano 2005) . Interestingly, the mortality rate for humans was reported to be about 1%, but it has increased in recent outbreaks (WHO 2010a) . For example, the RVFV outbreak in 2006 and 2007 in Eastern Africa had a mortality rate of 30% (WHO 2007) . Furthermore, a study of a RVFV epidemic in Saudi Arabia reported a 14% mortality rate and a high incidence of neurological manifestations (17.1%) in infected individuals (Madani et al. 2003) .
RVFV encephalitis occurs in <1% of infected humans and the pathogenesis of RVFV encephalitis is poorly understood. Examination of the brain material from RVFV infected calves shows diffuse perivascular infiltrates of lymphocytes and macrophages, multifocal meningitis, and focal areas of neuronal necrosis. Neurons and glial cells in these brains are positive for viral antigen throughout the CNS (Rippy et al. 1992) . Furthermore, post-mortem examination of fatally infected rhesus monkeys showed mild, multifocal, perivascular encephalitis in the cerebral cortex. Moreover, a significant correlation was found between a delayed interferon response and mortality providing evidence that suggest the appearance of interferon is important in limiting the severity of disease and CNS infection (Morrill et al. 1990) . Of interest, the interferon response is inhibited by RVFV. It has been demonstrated that the RVFV NSs protein blocks interferon production by targeting the RNA polymerase II complex and downregulating host transcription (Billecocq et al. 2004; Thomas et al. 2004) . Recently, the LACV NSs was also shown to suppress interferon induction suggesting that there are commonalities in mechanisms of pathogenesis for the Bunyaviridae (Blakqori et al. 2007) .
RVFV outbreaks outside endemic countries would lead to serious public health and agricultural problems. RVFV spread could potentially occur by movement of infected human, animals, or mosquitoes. The ability of RVFV to be transmitted by numerous mosquito species could aid in producing reservoirs in non-endemic areas where it is introduced (Elliott 2009 ). Even though the spread of RVFV can be somewhat controlled by effective vaccination of animals, there are no approved RVFV vaccines for humans. As suggested by Ikegami and Makino, an ideal RVFV vaccine for both humans and animals would be able to elicit rapid humoral immune responses that neutralize RVFV, induce long-term protective immunity, and be well tolerated (Ikegami and Makino 2009 ).
Alphaviruses
Currently, there are 29 known alphaviruses (each virus often consisting of several variants or strains) distributed around the world and grouped by geographic distribution into Old World and New World viruses (Peters and Dalrymple 1990) . Alphaviruses have a broad host range and cellular tropism and cause a wide range of animal and human diseases. In general, most Old World alphaviruses are associated with arthritis and rash illness, while New World arboviruses cause encephalitis. Exceptions to this statement include Sindbis virus (the prototype alphavirus), which causes encephalomyelitis in mice, and Ross River Virus and CHIKV, which are also neuroinvasive and cause neurological disease in humans (Zacks and Paessler 2010) .
The alphaviruses are small, enveloped viruses with a positive sense RNA genome containing two ORFs. The 5' ORF encodes a replication protein precursor that is processed by proteases to generate four different replicase polypeptide proteins for transcription and replication of viral RNA and the 3' ORF encodes the four major structural proteins including the capsid (C) and the three envelope glycoproteins (E1, E2, and E3). Of interest, amino acid substitutions in the E2 glycoprotein that forms the tips of spikes on the surface of VEEV have been found to enhance equine amplification (Brault et al. 2002) .
The alphaviruses are of interest not only as important pathogens of humans and horses, but also for their potential use in gene therapy and as conceivable agents of bioterrorism (Lundstrom 2005; Sidwell and Smee 2003) . Here, we will discuss alphaviruses that cause encephalitis in humans and pose a serious threat to human health in many areas: including, Western equine encephalitis virus (WEEV), Eastern equine encephalitis virus (EEEV), VEEV, and CHIKV.
Western-, eastern-, and Venezuelan equine encephalitis viruses WEEV, VEEV, and EEEV are New World viruses that, as the name suggests, cause encephalitis in horses and humans. The primary amplifying vector for these viruses include birds (EEEV and WEEV), rodents (WEEV and VEEV), and horses (VEEV ; Table 1 ). These viruses are transmitted primarily by mosquitoes in the genera Culex, Culiseta, and Aedes (Table 1) . While all three viruses (EEEV, WEEV, and VEEV) cause encephalitis in horses and humans, their virulence and incidence vary greatly within these hosts. EEEV is the most virulent of the equine encephalitis trio with human case-fatality rates estimated in the range of 50% to 70% and horse case-fatality rates estimated at 70% to 90% (Zacks and Paessler 2010) . However, EEEV has the lowest incidence of human cases of the three with only 257 confirmed human cases occurring in the United States from 1964 (CDC 2010 .
In both murine and hamster models of EEEV, neuroinvasion and subsequent encephalitis develop rapidly (Paessler et al. 2004 ). EEEV appears to invade the CNS of infected animals via the vascular route by passive transfer across the BBB or possibly by infected leukocytes (Vogel et al. 2005) . The first antigen positive neuronal cells in the hamster model of EEEV are in the basal ganglia and brain stem and the virus spreads infecting periventricular and perivascular neurons as well as the hippocampus (Paessler et al. 2004) . In contrast, VEEV is the least virulent in humans with case-fatality rates of 1% or less, but is significantly more transmissible than WEEV and EEEV in human populations and is capable of producing epidemics (Zacks and Paessler 2010) . Humans are extremely susceptible to VEEV infection and nearly all infected humans develop clinical signs, but most infections are mild. Casefatality rates for WEEV fall between those of EEEV and VEEV. In horses, case-fatality rates range from 3% to 50%; in humans, they range from 3% to 7% with 639 confirmed human cases of WEEV from 1964 to 2005 (CDC 2005).
Charles et al. have proposed two mechanisms of neuroinvasion for VEEV in a mouse model (Charles et al. 1995) . In the first mechanism, VEEV has direct access to the unmyelinated olfactory sensory neurons from the blood by the capillary bed that underlies the olfactory neuroepithelium. The other proposed route of neuroinvasion is through the trigeminal nerve. VEEV replicates in the tooth, including the nervous tissue of the pulp, subsequently spreading down the trigeminal nerve. Interestingly, CNS invasion was first observed via the trigeminal nerve in animals whose olfactory system had been ablated. This finding demonstrates that neuroinvasion in alphaviruses is strongly influenced by the availability of intact peripheral nerve tracts (Charles et al. 1995) .
Currently, there are no vaccines against WEEV, EEEV, or VEEV that are effective in humans; however, several are under development. Perhaps the most promising are liveattenuated vaccines that use alphavirus vectors expressing VEEV and EEEV proteins. These vaccines, which are highly immunogenic, have been shown to be safe and effective in mice and hamsters and have potential for use in humans (Zacks and Paessler 2010; Ni et al. 2007; Paessler et al. 2003; Paessler et al. 2006; Wang et al. 2007 ). There are equine vaccines against WEEV, EEEV, and VEEV in some countries. While these vaccines provide protection against these viruses in horses, they do little to prevent spread since horses are not their primary vertebrate reservoirs.
Chikungunya virus
CHIKV is an Old World Alphavirus that has been implicated in a number of outbreaks of painful polyarthralgia and myalgia in East and Southern Africa and Southeast Asia over the last 50 years (Schuffenecker et al. 2006 ) (Pialoux et al. 2007 ). In the Makonde language, chikungunya means "that which bends up" reflecting the painful, contorted stance assumed by those who are infected with this arbovirus. In Africa, CHIKV relies on wild primates and squirrels in its amplification cycle.
CHIKV is transmitted by Aedes species; A. aegypti and A. albopictus are the main vectors in Asia where the virus is maintained in an urban amplification cycle (Kumar et al. 2008) . Recently, A. albopictus was implicated as the primary vector in an outbreak on La Réunion Island. Molecular studies suggest that a mutation (A226V) in the viral envelope (E1) glycoprotein increased the infectivity of CHIKV for A. albopictus (Schuffenecker et al. 2006) . A. albopictus is widely distributed in Europe and the United States of America, increasing the likelihood of CHIKV outbreaks throughout Europe and North America.
In the 2005-2006 La Réunion outbreak, 40% of the 785,000 inhabitants were infected with CHIKV. The epidemic subsequently spread to the Indian subcontinent, where outbreaks involving nearly 1.5 million people occurred in India, before expanding to Sri Lanka and Indonesia. It was during this outbreak that the ability of CHIKV to cause encephalitis, particularly among newborns and the elderly, was first appreciated. A recent review of 23 cases with CNS manifestations from La Réunion demonstrated that 95% of patients had altered mental status; 30%, headaches; 26%, seizures; 9%, sensory abnormalities; and 4%, motor dysfunction, with an overall mortality of 10% (Tournebize et al. 2009 ). Notably, specific abnormalities were not found by neuroimaging studies (Tournebize et al. 2009 ). Both encephalitis and febrile seizures were common in CHIKV infected children with CNS complications. Frequent CNS complications were again observed in a 2007 outbreak in Ravenna, Italy where there were 337 suspected cases (Angelini et al. 2008) .
The incubation period for CHIKV is 2 to 6 days, and 95% of adults are symptomatic after CHIKV infection. The acute phase of infection includes a maculopapular rash, fever, and intense muscular and joint pain (Queyriaux et al. 2008) . This acute phase is, in some patients, marked by polyarthralgias that can last for weeks to years beyond the initial infection. The very old and the young are at greatest risk for severe CHIKV illness, and the disease is fatal in 33% of those infected over the age of 65 (Queyriaux et al. 2008) . Mechanisms for neuroinvasion and neurovirulence for CHIKV are not well described. A recently developed mouse model recapitulates the age-dependent susceptibility to CHIKV-induced CNS disease observed in humans. Of interest, increased susceptibility was also observed in interferon deficient mice (Couderc et al. 2008 ). In the mouse, CHIKV enters the CNS through the choroid plexus after achieving sufficient viremia. The virus does not appear to infect neurons or glial cells, but does infect macrophages (Couderc et al. 2008; Labadie et al. 2010 ). There are currently no specific antiviral treatments for CHIKV. However, several vaccines are under development including a novel, envelope-based DNA vaccine (Thiboutot et al. 2010) .
Conclusion
Global factors including increasing volume of international trade and transportation, migration, climate change, changes to ecosystems (deforestation, loss of biodiversity) intensified livestock production, and cultivation of infected animals all favor the emergence of arbovirus infections. Members of the genera Flavivirus, Alphavirus, and the Bunyaviridae are important causes of human disease as emerging agents of arboviral encephalitides. Increased awareness of arboviruses in endemic areas, education regarding modes of disease transmission and necessary precautions, and implementation of vector control are critical in the prevention of future outbreaks. Moreover, the development of effective vaccines and therapeutics is of great importance.
